In this work, solid-state 1 H NMR experiments were conducted to fully characterize the dynamic characteristics of a polystyrene/poly(vinyl methyl ether) blend with a mass ratio of 3 : 1 (PS/PVME 75/25). About 13% of whole PS was determined to locate in the mobile fraction of the PS/PVME 75/25 blend at room temperature. Increasing the temperature of this blend revealed three transitions. These results are expected to improve our understanding of the glass transition process in polymer systems.
I. Introduction
A polymer blend (polymer alloy) is a multicomponent system of two or more components with different chemical structures and properties. It can display properties differing from those of its individual components due to the interactions between the components. [1] [2] [3] [4] [5] [6] Therefore the study of the relationship between the polymer blend structure and properties is very important. There have been many such studies of PS/PVME blends.
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The PS/PVME blend is a typical lower critical solution temperature (LCST)-type polymer blend, and has garnered much attention, and many studies of its thin lm and the properties of this blend doped with materials such as SiO 2 , carbon nanotubes and so on have been carried out. [15] [16] [17] [18] [19] [20] Several experiments have shown the weak hydrogen bonds between the oxygens of PVME and aromatic hydrogens of PS to be the source of the compatibility of the PS with PVME in their blend. [10] [11] [12] [13] This hydrogen bonds interaction explains the dependence of the compatibility of PS with PVME on the solvent of their blend. Wagler et al. 21 used wide-line separation (WISE) experiments to reveal the presence of heterogeneities from 3.5 nm to greater than 30 nm within the PS/PVME blends, depending on the temperature of the heat treatment. The relaxation dynamics of PVME in miscible blends with PS at several concentrations under a broad range of pressure and temperature values were studied by Schwartz et al.
13 using dielectric spectroscopy. Recently our group investigated the effect of the interaction between PS and PVME on the glass transition process of the blend at the micro-level using Fourier Transform Infrared Spectroscopy (FTIR).
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As a continuation of our previous work, 22, 23 we utilized the solid state nuclear magnetic resonance (SSNMR) technique combined with Differential Scanning Calorimetry (DSC) to investigate the phase structure and glass transition process of the PS/PVME blend. Owing to the high resolution of the NMR technique, structural and dynamic information of the blend can be obtained at the micro-level. This article is organized as described below.
First, phase structure information at room temperature was successfully obtained by carrying out dipolar lter 1 H spindiffusion experiments. Then, the evolution of the rigid part of the blend with temperature was elucidated by carrying out variable-temperature 1 H double quantum lter (DQF) and Combined Rotation and Multiple Pulse Sequences (CRAMPS) experiments. Our experiments provided a molecular picture for understanding the relationships between the structure and properties and glass transition process of the PS/PVME blend.
II. Experiment

Materials and sample preparation
Polystyrene with a molecular weight of about 110 kg mol À1 was purchased from Polymer Source (Canada) and used directly. Poly(vinyl methyl ether) with a molecular weight of 67 kg mol
À1
in a 50% methanol solution was purchased from TCI Company (Japan) and used aer its methanol was removed. PS/PVME with a 3 : 1 mass ratio was dissolved in a toluene solution to a concentration of 1% (g ml À1 ) and was magnetically stirred at room temperature for 24 hours until it completely dissolved. The solution was rotary evaporated to yield less solvent, and then put in a vacuum oven at a temperature of 40 C for a week and then at 60 C for more than two days until its mass no longer changed. A transparent blend lm was obtained and differential scanning calorimetry (DSC) results showed good compatibility between the PS and PVME in this blend.
DSC
The DSC thermograms were obtained using a Mettler-Toledo DSC1 STARe calorimeter. Before taking the measurements, the temperature and heat ow were calibrated. The procedure and results of the DSC experiment for the PS/PVME 75/25 blend and its corresponding pure original species were reported in detail in our previous work.
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Solid-state nuclear magnetic resonance A frequency of 399.72 MHz for the protons was used in our NMR experiments, which were performed on a Varian Innitplus-400 wide-bore (89 mm) NMR spectrometer with a CP/MAS T3 probe having a rotor diameter of 4 mm. The 1 H 12-pulse dipolar lter (DF) and double quantum lter (DQF) experiments under static conditions were performed for the PS/PVME blend over a wide temperature range. The magic angle spinning (MAS) speed was automatically controlled to be 9.8 kHz AE 1 Hz by using an MAS speed controller for the 1 H CRAMPS experiment. The temperature was calibrated with PbNO 3 and controlled by using a Varian model-L950 temperature controller. The fractions of rigid and mobile components in the system at a given temperature were derived from the signal intensities of, respectively, 1 H DQF and DF spectra at specied lter strengths. For each proton NMR experiment, the number of scans was generally between 24 and 32. The SSNMR pulse sequences are briey described and shown in Fig. 1. ( 1) 1 H DF experiments. 24, 25 The magnetizations of mobile protons with weak dipolar coupling and long relaxation times were selected and used to represent the dynamics of mobile components of PS/PVME blend in this experiment (Fig. 1a) . A 12-pulse dipolar lter sequence was used in our work, which guaranteed the selection of the component with high mobility. So the 1 H magnetization from the mobile phase, which showed a longer transverse relaxation time than did the rigid phase, was selected from several cycles of a 12-pulse dipolar lter sequence. The selected 1 H signals were detected by a 90 1 H pulse as shown in Fig. 1a . The 90 1 H pulse length was 2.5 ms and the inter-pulse spacing s was 10 ms.
1 H DQF experiments. 26 The magnetizations of rigid protons with strong dipolar coupling were selected and used to determine the dynamics of the glassy component of the PS/ PVME blend in this experiment (Fig. 1b) . A duration of 10 ms was selected for the DQF excitation and reconversion time (s) and a duration of 3 ms was selected for the 1 H DQF evolution time (s DQ ). With these parameters, the magnetizations of the protons with strong dipolar coupling between each other and related to the rigid components of PS/PVME blend would pass through the lter, whereas that of the weaker dipolar coupling between each other and related to the mobile components would be ltered out. 
III. Results and discussion
Compatibility of the PS with PVME
The compatiblity of the PS with PVME was large when dissolved in toluene. The glass transition of the PS/PVME blend showed a wider temperature range than did the homopolymer due to the self-concentration effect (see Fig. 1 in ref. 22 and Fig. 6a in this work). This result indicated the presence of a weak interaction between PS and PVME. Our result was consistent with the previous conclusion published by others.
11,12,31,32
Phase structure of the PS/PVME 75/25 blend Use of a proton dipolar lter combined with spin diffusion is an effective NMR method, and was used to characterize the microscale phase separation in the polymer system. As shown in Fig. 2 , the 1 H signal intensity reached an constant value as the diffusion time was increased due to the spin diffusion between the protons at each xed N cycle value (the bigger the N cycle value, the larger was the dipolar lter strength). The ratio of the nal 1 H signal intensity to the initial selected 1 H signal intensity was found to be equal to the ratio of the initial selected 1 H signal intensity to the whole 1 H signal intensity in the blend. This ratio decreased as the dipolar lter strength was increased, and reached an constant value nally when N cycle was larger than 14 for PS/PVME 75/25 blend at room temperature as shown in Fig. 3 . The nal value of 40%, shown in Fig. 3 , indicated the percentage of PS/PVME 75/25 blend at room temperature consisting of mobile components. This proportion exceeded the stoichiometric 1 H ratio of the PVME blend by 9%. This result indicated the presence of an interphase in PS/PVME 75/25 and there were some PS components in the interphase at room temperature. This interphase was crucial to the properties of the system. About 13% of whole PS was determined to locate in the mobile fraction of the PS/PVME 75/25 blend at room temperature. 
Dynamic characteristics of PS/PVME 75/25
In the calorimetric glass transition temperature range of the blend (about 0-60 C, see Fig. 6a ), the 1 H DQF signal intensity of PS/PVME 75/25, which reected the rigid phase, just showed small variations (as shown in Fig. 4) . But near the corresponding PVME glass transition temperature (À25 C), the 1 H DQF signal intensity clearly dropped. This drop was related to the reduction of the dipolar coupling between protons in PVME due to its having become soer as the temperature was increased. However, the whole blend system was still in a glassy state because most of the PS phase was still rigid in this temperature range. So the total 1 H DQF signal intensity was still very large.
The specic heat capacity of the blend showed a steep change during the glass transition temperature range of the system whereas the change of the 1 H DQF signal intensity was less in this temperature range than in other temperature ranges. This comparison indicated that the glass transition process evaluated using DSC corresponded to a rigid network collapse process (percolation process) rather than a melting process. 23, 33, 34 In the calorimetric glass transition temperature range, the rigid components of the PS/PVME 75/25 blend were mainly the segments of PS (near 7 ppm corresponding to 1 H in the benzene ring) and some PVME segments (near 3.2 ppm corresponding to 1 H in the methoxy group) whose mobility was limited by PS as shown in Fig. 5 . In this temperature range, most of the connections between the rigid parts of the polymer system were broken but many rigid parts did not yet become so.
Aer the percolation process, the system gradually entered into a rubber-like state and the specic heat capacity of the system did not obviously change any longer. Most of the rigid parts of the blend started to become so when the temperature was increased, which led to the dramatic drop of the 1 H DQF signal intensity. The system nally became a liquid, with a very high mobility. In order to show the dynamic characteristics of the PS/PVME 75/25 blend more clearly, the DSC curve, the intensity and full width at half maximum (FWHM) of the 1 H DQF curve with respect to the temperature are shown in Fig. 6 . Note that in both the temperature ranges À40 C to À20 C and 80 C to 110 C, the 1 H DQF intensity of PS/PVME 75/25 dropped obviously due to the soening of PVME and PS, respectively (Fig. 6b) . Because the proportion of PVME in this blend was small (25% in mass ratio), the soening of PVME did not lead to an obvious increase in mobility for the whole blend. So the FWHM of the 1 H DQF curve showed a small change from À40 C to À20 C. In contrast, from 0 C to 60 C (calorimetric blend glass transition) and from 80 C to 110 C, the FWHM of the 1 H DQF curve showed a signicant decrease due to the high mobility of the system obtained through the rigid network collapse (calorimetric glass transition process) and the melting of the PS components, respectively (Fig. 6c) , which was also indicated by the two local minimums in the rst derivative of the 1 H DQ-FWHM curve (Fig. 6d) .
The above experimental results indicated that the whole glass transition of PS/PVME 75/25 blend included two processes as in the PS: 23, 33, 35 one was the percolation process (calorimetric glass transition process), the other was the soening process of the most rigid component (aer the calorimetric glass transition process).
IV. Conclusions
In summary, our 12-pulse dipolar lter 1 H spin diffusion experiment results indicated the presence of an interphase in the PS/PVME 75/25 blend, and about 13% of whole PS was determined to locate in the mobile fraction of the PS/PVME 75/ 25 blend at room temperature. The 1 H DQF and CRAMPS experimental results showed the presence of three temperature transition regions for the PS/ PVME 75/25 blend: À40 C to À20 C (the soening of a portion of PVME), 0 C to 60 C (the rigid network collapse process, calorimetric glass transition) and 80 C to 110 C (the melting of the rigid PS component).
Our experiment results provided a picture of the dynamics of the PS/PVME 75/25 blend at the micro level and showed similar dynamic characteristics of the glass transition process of the homopolymer and miscible polymer blend. We expect these results to help us understand the glass transition of the polymer system in a deeper way.
Conflicts of interest
There are no conicts to declare.
